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Abstract Cultivated peanut is grown worldwide as rich-
source of oil and protein. A broad genetic base is needed for
cultivar improvement. The objectives of this study were to
develop highly informative simple sequence repeat (SSR)
markers and to assess the genetic diversity and population
structure of peanut cultivars and breeding lines from different
breeding programs in China, India and theUS. A total of 111 SSR
markers were selected for this study, resulting in a total of 472
alleles. The mean values of gene diversity and polymorphic
information content (PIC) were 0.480 and 0.429, respectively.
Country-wise analysis revealed that alleles per locus in three
countries were similar. The mean gene diversity in the US,
China and India was 0.363, 0.489 and 0.47 with an average PIC
of 0.323, 0.43 and 0.412, respectively. Genetic analysis using
the STRUCTURE divided these peanut lines into two
populations (P1, P2), which was consistent with the dendro-
gram based on genetic distance (G1, G2) and the clustering of
principal component analysis. The groupings were related to
peanut market types and the geographic origin with a
few admixtures. The results could be used by breeding
programs to assess the genetic diversity of breeding materials
to broaden the genetic base and for molecular genetics
studies.
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INTRODUCTION
Cultivated peanut (Arachis hypogaea L.) is an allotetraploid
(2n¼ 4x¼ 40) that originated from hybridization of two
ancient diploid species, A. duranensis (A-genome) and
A. ipaënsis (B-genome), followed by chromosome duplication
(Seijo et al. 2004; Leal-Bertioli et al. 2009). Peanut is one of the
major economically-important legumes grown worldwide in
semiarid environments and needs relatively low inputs of
chemical fertilizer. Peanut is a major source of protein and
vegetable oil for human nutrition, containing about 25% protein
and50%oil. The largestproducersofpeanutareChina and India,
followed by Nigeria and USA. All four countries, together,
account for 69.2% of global production (FAO 2014).A. hypogaea
belongs to genus Arachis of family Fabaceae and is divided into
two subspecies, hypogaea and fastigiata; A. hypogaea subsp.
hypogaea lacks ﬂowers on the main axis, which can be divided
into twobotanical varieties var.hypogaeaandvar.hirsuta,while
A. hypogaea subsp. fastigiata have ﬂowers on themain axis and
it can be divided into four botanical varieties var. fastigiata, var.
vulgaris, var. aequatoriana and var. peruviana. Furthermore,
modern cultivars are generally classiﬁed into four market types
Virginia, Spanish, Valencia and Runner (Krapovickas and
Gregory 1994). Virginia and Runner types are in the hypogaea
subspecies, while Spanish and Valencia are in the fastigiata
subspecies.
Nine billion people are estimated to live on the earth by
themid 21st century and farmers face the challenge of feeding
them (Nature Editorial 2010). Advances in food productionwill
require greater efforts in agricultural research to increase crop
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yield along with improvements for plant protection from
biotic and abiotic stresses (Guo et al. 2012). Peanut is grown
mostly in the semiarid area of the world that utilizes self-
sufﬁciency farming, and there is a requirement to increase the
production and productivity in order to meet the demand of
the increasing world population. During the years, efforts
have been made to improve peanut yield, quality, disease
resistance, and other agronomic traits resulting in great
improvement of many traits in peanut (Guo et al. 2013;
Varshney et al. 2013). Cultivar improvement by conventional
breeding selection, intra-speciﬁc or inter-speciﬁc hybridization
remain to play an important role in the increase of peanut
yield (Tang et al. 2007; Guo et al. 2012). Genetic improvement
in yield by hybridization and selection has more than doubled
in the past. However, yield improvements have been slow in
recent years. One possibility may be related to the limited
genetic diversity among the high-yielding cultivars used as
parents for hybridization in breeding programs. There is
evidence that the allelic diversity in Runner-type peanut has
signiﬁcantly increased over the years and the diversity in
Virginia type ﬂuctuated greatly over the years (Milla-Lewis
et al. 2010a, 2010b). Parents with diverse origins have a higher
probability to produce superior progenies than those of
similar ancestry, but it has become increasingly difﬁcult to ﬁnd
high-yielding genotypes that do not have common parentage.
Isleib et al. (2001) reported that in the Runner and Virginia
market types, the average PI (plant inventory) ancestry of all
cultivars was 17.9%. The parents of all Runner-type cultivars
released in the US can be traced back to 13 PIs. Only three PIs
occur in the pedigrees of Virginia-type cultivars and seven PIs
are in the pedigrees of Spanish-type cultivars. Over the past
30 years, great efforts have been made to integrate unique
germplasm into the breeding populations in the US in order to
expand the peanut genetic base.
However, it is sometimes difﬁcult to choose parents for
hybridization solely based on their morphological features.
Hence the knowledge of genetic diversity among released and
pre-released peanut cultures is very important for germplasm
utilization in peanut breeding. To broaden the genetic
variation of cultivated peanut in future breeding programs,
it is necessary to perform a more comprehensive study of
genetic diversity and population structure of the peanut
varieties (Ren et al. 2014). Therefore, research on the genetic
diversity among cultivars is necessary for a more efﬁcient and
successful hybridization program because crosses involving
more diverse parents are likely to produce higher heterotic
effects and also more variability in the segregating gener-
ations (Suneetha et al. 2013). Furthermore, the development
of reliablemethods is necessary to allow for the assessment of
genetic variability in germplasm collections for breeding
programs. Among the numerous methods, DNA-based
molecular markers technologies are the most reliable tools
allowing for the assessment of genetic variability because
they are not inﬂuenced by environment (Naito et al. 2008).
During the past two decades, molecular markers have
become an indispensable and powerful tool for enabling
breeding in many crops such as rice (Zhao et al. 2009; Babu
et al. 2014), sorghum (Ramu et al. 2013), maize (Frascaroli et al.
2013), and wheat (Shakeel et al. 2013). Many types of
molecular markers have also been developed for peanut,
including restriction fragment length polymorphism (RFLP),
random ampliﬁed polymorphic DNA (RAPD), ampliﬁed frag-
ment length polymorphism (AFLP), and inter simple sequence
repeat (ISSR) markers (Kochert et al. 1991; He and Prakash
2001; Raina et al. 2001; Herselman 2003; Vyas et al. 2014). In
addition, intron-exon splice junction (ISJ), universal rice primer
(URP), and directed ampliﬁcation of minisatellite region DNA
(DAMD) techniques also have been used for detecting peanut
polymorphisms (Xiong et al. 2013). Among the different types
of molecular markers used in peanut, SSRs have been effec-
tive and more informative in producing considerable higher
polymorphic information content (PIC), and to date it is the
most commonly used molecular marker in the peanut com-
munity (Guo et al. 2013). It is notable here that one of the key
factors for crop improvement efforts depends on the amount
and the use of genetic variability in breeding programs.
The objectives of this study were to select a set of highly
polymorphic SSR markers that could be used in the assess-
ment of genetic diversity among peanut germplasm and
breeding lines in each breeding program, and to assess the
levels of genetic diversity and population structure of peanut
lines used in each breeding program in China, India and theUS.
In total, 111 highly polymorphic SSRmarkers were selected and
used to analyze the genetic diversity levels and the population
structure of 79 peanut genotypes (Table 1) from ﬁve different
breeding programs in three countries. This assessment could
provide more information for a breeding program’s long-
range plans and help in breeding strategies of selecting
additional genetic sources.
RESULTS
SSR polymorphism
The 111 highly informative genetic and genomic SSR markers
were selected from a previous screening of over 5,000 SSRs
used in genetic mapping and QTL studies (Li et al. 2011;
Qin et al. 2012; Pandey et al. 2014) which were distributed on
the genetic maps (Tables S1, S2). The 79 peanut breeding
lines used in this study were provided from each program
and used in molecular marker analysis. In total, the 111 SSR
markers produced 472 polymorphic bands. The number of
alleles per locus varied widely among the markers, ranging
from 2 to 9 alleles with an average of 4.25 alleles per marker
(Table 2). The major allele frequency varied from 0.291
(TC28E09) to 0.987 (AS1R12A06) with the average of 0.644.
The gene diversity index ranged from 0.025 (AS1R12A06) to
0.803 (TC4H07), with an average value of 0.480. The
polymorphism information content (PIC) for all the SSR loci
ranged from 0.025 (AS1R12A06) to 0.778 (TC4H07) with a
mean of 0.429 (Tables 2, S1).
Genetic diversity analysis
Genetic diversity was calculated for the peanut breeding lines
from each breeding program of the three countries (Table 3).
Among the ﬁve breeding programs (SDPRI-China, HAAS-
China, FAMU-India, ACI-US, CEL-US), HAAS had the highest
number of all categories, total alleles, average alleles per
locus, gene diversity, and PIC. There were a total of 366 alleles
with an average of 3.41 per locus in HAAS, and the mean gene
diversity and PIC values were 0.504 and 0.445, respectively,
followed by FAMU, it had 353 total alleles with an average of
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Table 1. Peanut breeding lines used in this study, the number used in dendrogram and structure grouping analysis, and the
market type and origin
No. Genotype Market type Origin† Grouping based on
dendrogram
Grouping based on
structure
1 LHA01 Virginia SDPRI-CN G2d P2b
2 LHA03 Virginia SDPRI-CN G2d P2b
3 LHA04 Virginia SDPRI-CN G2b P2b
4 LHA05 Virginia SDPRI-CN G2b P2b
5 LHA07 Virginia SDPRI-CN G2d P1b
6 LHA08 Virginia SDPRI-CN G2b P2b
7 LHA09 Virginia SDPRI-CN G2d P1b
8 LHB01 Virginia SDPRI-CN G2b P2b
9 LHB02 Spanish SDPRI-CN G1 P1
10 NF13 Spanish HAAS-CN G2e P2e
11 NF16 Spanish HAAS-CN G1 P1
12 NF19 Spanish HAAS-CN G2e P2e
13 NF721 Virginia HAAS-CN G2d P2b
14 NF74 Spanish HAAS-CN G1 P1
15 KNX260 Spanish HAAS-CN G2a P2c
16 BS1016 Spanish HAAS-CN G1 P1
17 KNX Spanish HAAS-CN G2a P2c
18 KNX4566-1 Virginia HAAS-CN G2b P2c
19 KNX4566-2 Virginia HAAS-CN G2b P2c
20 Z1214 Spanish HAAS-CN G2b P2c
21 Z1216 Virginia HAAS-CN G2b P2b
22 Z1235 Virginia HAAS-CN G2d P1
23 Z1239 Spanish HAAS-CN G2d P1
24 Z1308 Virginia HAAS-CN G2b P2c
25 Z4233 Spanish HAAS-CN G2a P2c
26 KN61 Virginia HAAS-CN G2d P2c
27 LH9 Virginia SDPRI-CN G2b P2b
28 LH14 Virginia SDPRI-CN G2b P2b
29 Kadiri-5 Spanish bunch FAMU-IN G1 P1
30 Vemana Spanish bunch FAMU-IN G1 P1
31 Kadiri-3 Virginia bunch FAMU-IN G2a P2a
32 K-1341-1 Spanish bunch FAMU-IN G2a P2a
33 K-1341-2 Spanish bunch FAMU-IN G2a P2a
34 K-1319 Spanish FAMU-IN G2a P2a
35 K-1375 Spanish FAMU-IN G2a P2a
36 JL-220 Spanish bunch FAMU-IN G2a P2a
37 CSMG-84-1 Virginia runner FAMU-IN G2a P2a
38 ICGS-76 Virginia bunch FAMU-IN G2a P2a
39 TAG-24 Spanish bunch FAMU-IN G2c P1
40 TPT-2 Spanish FAMU-IN G1 P1
41 GG-2 Spanish bunch FAMU-IN G1 P1
42 Kadiri-6 Spanish bunch FAMU-IN G1 P1
43 TKG-19A Virginia bunch FAMU-IN G2c P2b
44 M-13 Virginia runner FAMU-IN G2a P2a
45 TIR-31 Virginia runner FAMU-IN G2c P2a
46 yueyou20-5 Spanish HAAS-CN G1 P1
47 yueyou20-D Spanish HAAS-CN G1 P1
48 FL fancy Virginia CEL-US G2b P2a
49 FI07 Runner CEL-US G2b P2a
50 GA06 Runner CEL-US G2a P2a
51 Georgia 06G Runner CEL-US G2a P2a
52 Gregory Virginia CEL-US G2b P2b
53 Hanoch Virginia ACI-US G2b P2b
54 M04-0149 Runner ACI-US G2a P2a
(Continued)
454 Wang et al.
May 2016 | Volume 58 | Issue 5 | 452–465 www.jipb.net
3.12 per locus, and the mean gene diversity and PIC values
were 0.470 and 0.412, respectively. The least number of total
alleles and average number of alleles per locus were from
SDPRI, with 259 and 2.29, respectively. The lowest average
gene diversity index and PIC were from ACI, with 0.306 and
0.269, respectively. By country, the 111 SSRmarkers revealed a
total of 401 alleles in Chinese peanut lines, and the average
number of alleles per locus was 3.55, whereas the lines from
India and USA peanut lines contained a total of 353 and
362 alleles with a mean of 3.12 and 3.21 per locus, respectively
(Table 3). Themean gene diversity for each SSR locus in China,
India and USA peanut lines were 0.488, 0.470, and 0.363,
respectively, and the mean PIC values for each SSR locus were
0.430, 0.412 and 0.323, respectively.
The results showed that the peanut lines from China had
the highest total allele number, the highest gene diversity
index and the highest PIC value (Table 3). The genetic diversity
showed the following tendency, the order of total alleles and
mean alleles per locus from high to low was China, then USA,
and India, but the order of average gene diversity and PIC
value was China, then India, and USA. These results indicated
that the Chinese peanut breeding lines in whole had a higher
level of genetic variation than Indian and US peanut breeding
lines and the breeding program of HAAS in China had a higher
level of genetic variation than the other programs. In addition,
the parameter of major allele frequency did not change much
among the breeding programs, and it did not exhibit
signiﬁcant correlation with allelic richness and the gene
diversity.
Genetic relationship among the peanut lines
Genetic distance was also used to evaluate the genetic
diversity among the lines. The genetic distance among
79 peanut lines ranged from 2.4% to 86.0% with an average
of 51.4% (Table 4). The largest genetic distance was between
BS1016 and Gregory; BS1016 is a Spanish market type line from
China and Gregory is a Virginia type from US NC94022 and
NC94022-4 showed the least genetic distance, as they were
selected from a breeding population (Qin et al. 2012) in the US.
The average genetic distance among the peanut lines from
China was the largest of 51.6%, ranging from 2.7% (NF13 and
NF16) to 83.9% (NF19 and BS1016). Overall 53.79% peanut lines
from China had a genetic distance greater than 50%. The
Table 1. (Continued)
No. Genotype Market type Origin† Grouping based on
dendrogram
Grouping based on
structure
55 M08-0305 Runner ACI-US G2a P2a
56 M09-0232 Runner ACI-US G2a P2a
57 N10-0076 Runner ACI-US G2a P2a
58 NC94022 Virginia  hirsuta CEL-US G2e P2e
59 NC94022-4 Virginia  hirsuta CEL-US G2e P2e
60 TamRunOL07 Spanish CEL-US G1 P1
61 Red River runner Runner CEL-US G2a P2a
62 SA Jewel Spanish ACI-US G1 P1
63 SunOleic97R Runner CEL-US G2a P2a
64 SunOleic97R-8 Runner CEL-US G2a P2a
65 TamRun Runner CEL-US G2a P2a
66 TamRun7 Runner CEL-US G2a P2a
67 TamRun11 Runner CEL-US G2a P2a
68 Tiftgard Runner CEL-US G2a P2a
69 Tifrunner-4 Runner CEL-US G2a P2a
70 WT08-0883 Runner ACI-US G2a P2a
71 WT09-0046 Virginia ACI-US G2b P2b
72 WT09-0236 Spanish ACI-US G2a P2a
73 WT09-0761 Virginia ACI-US G2b P2b
74 WT09-0808 Runner ACI-US G2b P2b
75 WT09-0814 Runner ACI-US G2a P2a
76 WT11-0351 Virginia ACI-US G2b P2a
77 WT11-1082 Runner ACI-US G2c P2b
78 WT11-1083 Runner ACI-US G2b P2b
79 M12-1314 Runner ACI-US G2a P2a
Origin†: ACI, AgResearch consultants Inc.; CEL, commercial elite lines from US; CN, China; FAMU, Florida Agricultural &
Mechanical University; HAAS, Henan Academy of Agricultural Science; IN, India; SDPRI, Shandong Peanut Research Institute; US,
United States.
Table 2. Summary of statistics of the 111 simple sequence
repeat (SSR) markers used in this study
MAF Average alleles GD PIC
Max 0.9873 9.0 0.8028 0.7780
Min 0.2913 2.0 0.0250 0.0247
Mean 0.6439 4.25 0.4805 0.4293
GD, gene diversity; MAF, major allele frequency; PIC, poly-
morphism information content.
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peanut lines from India had an average genetic distance of
50.76%, ranging from 3.33% (CSMG-84-1 and ICGS-76) to 78.01%
(K-1341-1 and Kadiri-6); and 51.47% of the lines had a genetic
distance greater than 50%. Finally, the average genetic
distance among the peanut lines from the US was the lowest
with 41.71%, ranging from 2.38% (NC94022 and NC94022-4) to
79.12% (TamRunOL07 andWT09-0808); and 24.60% of the lines
had a genetic distance greater than 50%.
When comparing the average genetic distance among the
breeding programs, it was found that HAAS had the largest
average genetic distance of 53.41; and 62.57% of the lines had a
genetic distance greater than 50%. The average genetic
distance from SAPRI and ACI were 38.4 and 36.58%,
respectively; and 12.73 and 15.00% of the lines had a genetic
distance greater than 50%.
Grouping of peanut lines based on neighbor-joining
A dendrogram based on neighbor-joining was created from
data of the 111 SSRmarkers, based country of origin (Figure 1A)
or market types (Figure 1B). The 79 peanut lines were divided
into twomajor groups, here denoted as G1 and G2. The smaller
group G1 had 13 peanut lines, among which ﬁve were from
India; six were from China and two from the US (Figure 1A).
Interestingly, all of the peanut lines in G1 were Spanish market
types (Figure 1B). The bigger group G2 included 66 peanut
lines from all three countries, and grouped into G2a, G2b, G2c,
G2d and G2e. Subgroup G2a had 30 peanut lines, in which 18
were from the US, nine from India and three from China.
Based on the market type, the G2a subgroup consisted of
16 Runner market type lines, 10 Spanish type lines and four
Virginia type (Figure 1B). G2b contained 20 peanut lines,
among which nine were from the US, and 11 were from China.
Among this subgroup, most peanut lines were Virginia market
types, except three Runner types and one Spanish type. G2c
was a small group with four peanut lines, three from India and
one from the US. The G2d subgroup contained eight peanut
lines, all from China. G2e had four peanut lines, two fromChina
and two from the US. In total, 88% of the peanut lines from the
Table 3. Summary of genetic statistics of peanut breeding lines from different breeding program
Country Program NL Total alleles Average alleles MAF GD PIC
China SDPRI 11 259 2.29 0.743 0.348 0.294
HAAS 19 366 3.41 0.646 0.504 0.445
Total/Average 30 401 3.55 0.621 0.488 0.430
India FAMU 17 353 3.12 0.650 0.470 0.412
USA ACI 16 277 2.45 0.772 0.306 0.269
CEL 16 322 2.85 0.720 0.386 0.341
Total/Average 32 362 3.21 0.735 0.363 0.323
ACI, AgResearch consultants Inc.; CEL, commercial elite lines; FAMU, Florida Agricultural & Mechanical University; GD, gene
diversity; HAAS, Henan Academy of Agricultural Science; MAF, major allele frequency; NL, number of peanut lines; PIC,
polymorphism information content; SDPRI, Shandong Peanut Research Institute.
Table 4. Genetic distance based on 111 simple sequence repeat (SSR) markers among different peanut breeding programs
Genetic distance (GD) (%)
Country Program NL Max./Lines† Min./Lines Average No. of GD50%‡ Ratio of GD50% (%)§
China SDPRI 11 62.4 6 38.4 7 12.73
2,5 9,27
HAAS 19 83.9 2.7 53.4 107 62.57
12,16 10,12
Total 30 83.9 2.7 51.6 234 53.79
12,16 10,12
India FAMU 17 78 3.3 50.5 70 51.47
32,42 37,38
USA ACI 16 65.7 6.9 36.6 18 15.00
62,78 53,71
CEL 16 78.4 2.4 45.8 45 37.50
58,60 58,59
Total 32 79.1 2.4 41.7 122 24.60
60,74 58,59
Total 79 86 2.4 51.4 1623 52.68
16,52 58,59
ACI, AgResearch consultants Inc.; CEL, commercial elite lines; FAMU, Florida Agricultural & Mechanical University; HAAS, Henan
Academy of Agricultural Science; NL, number of peanut lines; SDPRI, Shandong Peanut Research Institute. †Lines, the line
number corresponds to the serial number in Table 1. ‡The number of pairs with Genetic distance greater than 50% in each group.
§The percentage of pairs with genetic distance greater than 50% in each group.
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Figure 1. Dendrogram based on the genetic distance matrix among the peanut lines from three countries
(A) The colors of the branches indicate the origin of the peanut lines. (B) The colors of the branches indicate the market type of
the peanut lines. The peanut lines were sorted according to the serial number from Table 1.
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US grouped in G2a and G2b, 78% of the peanut lines from China
grouped in G2b and G2d and peanut lines from India were
almost evenly grouped in three different groups G1, G2a and
G2c. Based on the market types, 48% of the Spanish type
peanut lines grouped in G1 and 37% grouped in G2a; 80% of the
Runner-type peanut lines grouped in G2a and 20% grouped in
G2b; and 76% of the Virginia type peanut lines grouped in G2b,
G2c, G2d and G2e. About 10% of the Runner types and 14% of
the Spanish types placed in other subgroups (Figure 1B).
Factorial analysis and PCA
Factorial analysis was performed to gain information
regarding distances among the peanut lines based on
marker genotypes, and this analysis was not only interested
in individual effect but to give an overall representation of
diversity among the tested peanut lines (Figure 2). Based on
the factorial analysis, the 79 peanut lines were clustered
into three different groups according to the race and
geographic origin. Most of the peanut lines from China
were clustered on the top quadrant ‘I’, in contrast most of
the peanut lines from the US were clustered on the middle
quadrant ‘II’ and the majority of peanut lines from India
were clustered on the bottom quadrant ‘III’. Principal
component analysis (PCA) was also performed to conﬁrm
the clusters in the genetic dendrogram (Figure 1). Using
Dice’s coefﬁcient of similarity and the functions in NTSYSpc
based on single data, the ﬁrst three components were
plotted into three-dimensional scatter plots (Figure 3). The
ﬁrst and second principal components accounted for 16.18
and 9.10% of the total molecular variance, respectively. The
ﬁrst three components together explained 31.83% of the
total variation. The peanut lines were clustered into six
distinct groups (Figure 3), which were similar with the
dendrogram analysis and generally corresponding to the six
groups (G1, G2a, G2b, G2c, G2d and G2e) with a few
exceptions (Figures 1B, 3).
Population structure analysis
To assess genetic population structure of the 79 peanut
lines, STRUCTURE analysis was performed using the multi-
allelic data from 111 SSR markers, which are distributed on
the peanut genetic maps/genome (Tables S1, S2). Calculation
of DK for the 79 peanut lines found that K¼ 2. Clustering bar
plots with K¼ 2 and K¼ 5 are shown in Figure 4. At K¼ 2, all
79 peanut lines were divided into two subpopulations, here
denoted as P1 and P2 and each contained 21 and 58 peanut
lines, respectively, which was generally consistent with
the cluster analysis based on distance matrix G1 and G2
(Figure 1). Most of the lines that were grouped in P1
population were also grouped in G1. Similarly, most of the
lines that were grouped in the P2 population were also
grouped in G2. When K¼ 5, structure analysis revealed ﬁve
subpopulations with relatively low levels of admixture
between subpopulations named P1, P2a, P2b, P2c and P2e
(Figure 4). Population P1 contained 16 peanut lines, of which
13 lines were also grouped in G1 and two lines from G2d and
one from G2c (Figures 1, 4; Table 1). Second, P2a contained
31 lines with 27 lines from G2a and three lines from G2b and
one from G2c. Third, P2b contained 20 lines with 13 lines
from G2b and two lines from G2c and ﬁve lines from G2d.
Fourth, P2c contained eight lines with four from G2b, three
lines from G2a and one from G2d. Finally, P2e contained four
lines that were all from G2e (Table 1). The results from
STRUCTURE analysis was generally consistent with the
results from neighbor-joining clustering analysis based on
genetic distance with a few exceptions.
DISCUSSION
Peanut is one of the most important oil seed crops. China,
India and the United States are the major peanut producers,
and all have very important peanut breeding programs. The
peanut annual planting area is around 24 million hectares and
world peanut production totals about 40.4 million tons in
2014. China is the largest peanut producer with an annual
production of 17 million tons, followed by India and the United
States, with the average peanut production of 7.0 and
2.1 million tons, respectively (FAO 2014). Therefore, it is
important to assess the genetic diversity for genetic improve-
ment of peanut quality and yield through breeding efforts in
representing breeding programs in these countries. Cultivated
peanut has a limited genetic diversity within the peanut
primary gene pool because of its tetraploid nature (AABB
genome) (Pandey et al. 2012a). Any crop improvement
program starts with the study of variability among genotypes
(Ramu et al. 2013). Identiﬁcation of genetically diverse
germplasm with beneﬁcial traits and then using it in peanut
breeding is the key to broaden the genetic base of peanut
cultivars (Kottapalli et al. 2011). Many studies on the genetic
diversity of cultivated peanut have been reported in recent
years (Kottapalli et al. 2011; Koilkonda et al. 2012; Suneetha
et al. 2013; Jiang et al. 2014; Ren et al. 2014; Roomi et al. 2014;
Vyas et al. 2014). Signiﬁcant progress has beenmade in peanut
genetics and genomics (Chen et al. 2010; Feng et al. 2012; Liu
et al. 2013; Guo et al. 2013). There was substantial diversity
among cultivated peanut in morphological, physiological,
agronomic traits, and at molecular levels. This study provided
the resource of 111 highly informative SSR markers, which was
selected from a larger available genomic pool as a community
effort to develop molecular markers for peanut genetic and
genomic research (Guo et al. 2013, 2015), and these markers
could be used in the primary assessment of the diversity of
breeding lines in each program.
Molecular marker diversity
Simple sequence repeat markers are frequently and randomly
distributed throughout the eukaryotic genome and they are
more advantageous over many other markers, as they are
often highly polymorphic, multi-allelic, genetically codominant,
and amenable to high-throughput genotyping, making them
become one of the most widely used molecular markers in
recent years in the peanut community (Guo et al. 2015).
However,many studies including construction of linkagemaps,
marker assisted breeding and germplasm diversity have been
hindered by the initial process of screening a large number of
SSR markers to ﬁnd sufﬁcient number of polymorphic markers
(Ravi et al. 2011; Sarvamangala et al. 2011; Qin et al. 2012).
A largenumber of SSRmarkerswithhighPICandnumber of
alleles are very valuable in helping peanut breeding programs
to select the most informative markers to use in their studies,
thus saving timeandcost in thegenetic enhancement inpeanut
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(Pandey et al. 2012b). The results in the present study showed
that there are abundant polymorphic SSRmolecular markers in
the cultivated peanut. The peanut lines from three different
countries could be distinguished from each other with the SSR
markers. The 111 highly informative markers were chosen
according to their location on three different peanut genetic
maps (Shirasawa et al. 2013; Khera et al. 2014; Wang et al.
2014) (Table S2) in which Qin et al. (2012) contributed
signiﬁcantly to the initial screening of over 5,000 SSRs available
at that time. All of the 111 SSR markers were polymorphic
(100%) (Table S1). The PIC value of markers based on the
frequencies of different alleles can provide an estimate of the
discrimination power in peanut lines and also indicate the
quality of the markers. In this study, the number of alleles was
detected and the PIC value was calculated. The PIC value for
each marker ranged from 0.025 to 0.778 with an average of
0.429. A recent study by Ren et al. (2014) had an average PIC
value of 0.38, and the study of Pandey et al. (2012a) had an
average PIC value of 0.31. In addition, there were some studies
in peanut that observed a higher average PIC value, such as
Figure 2. Factorial analysis of the peanut lines based on 111 simple sequence repeat (SSR) markers
All 79 peanut lines were clustered into three main groups. The colors indicate the country of the origin of the peanut lines, and
the peanut lines were sorted according to the serial number from Table 1.
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0.64 (Geleta et al. 2006), 0.46 (Cuc et al. 2008), and 0.548
(Roomi et al. 2014).
The 111 SSRs detected a total of 472 alleles, the number of
alleles per marker detected ranged from 2 to 9 with an average
of 4.25 per locus and this result is in agreement with those of
the previous genetic diversity studies. Ren et al. (2014) reported
the results of 2 to 9 alleles with an average of 3.0 alleles per
locus,Roomiet al. (2014) resulted in 2 to4alleleswithanaverage
of 2.6 alleles per locus, and Pandey et al. (2012a) observed 2 to
14 alleles per locus with an average of 3.2. Most of the studies
reported 2–8 alleles per locus, compared to higher alleles of
2–13 alleles of Song et al. (2010), 2–20 alleles of Varshney et al.
(2009) and 3–15 alleles of Naito et al. (2008). For speciﬁc peanut
market type, a study reported that Valencia peanut germplasm
collection uncovered an average of 13 alleles per locus
(Kottapalli et al. 2011), and a study of US mini-core collection
observed an average of 8.1 alleles per locus (Wang et al. 2011).
There were several reasons that might result in the differences
in allele numbers as reported by different groups; one may be
the detection system as reported by Fountain et al. (2011) and
another may be the geographic origins of peanut lines. In this
study,morediversepeanut lineswereused fromthreecountries
with an improved detection system (Fountain et al. 2011), which
might contribute to the higher alleles detected.
In this study, most of the peanut lines were released
cultivars, and some were breeding lines, so the allele number
per locus would be similar to that of released cultivars (Jiang
etal. 2014). There is a report suggesting that there is lessgenetic
diversity in released cultivars than landraces (Ren et al. 2014).
This study is in agreementwith Ren et al. (2014) that the 111 SSR
markers are effective and useful for analyzing the genetic
diversity of peanut breeding lines, germplasm, and released
cultivars. They have the potential to detect more alleles and
more polymorphism in different sources of peanut germplasm
andwill be useful for the initial screening and assessment of the
genetic background of the breeding materials.
Geographical diversity
When comparing genetic diversity among the three countries
(China, India and USA), it was found that Chinese peanut lines
had a higher number of alleles, also had a higher gene diversity
and PIC value, indicating that Chinese peanut lines had a higher
level of genetic variation than peanut lines from India andUSA.
China is the largest peanut producer in theworldwith over 20%
of the planting area and more than 40% of production and it is
alsooneof the centers of geneticdiversity of cultivatedpeanut.
A recent study by Ren et al. (2014) analyzed the genetic
diversity of 196 Chinese peanut cultivars, suggesting that the
genetic base of Chinese peanut cultivars were relatively
narrow. According to their result of population structure,
there were genetic differences in peanut cultivars from the
south to the north of China (Ren et al. 2014). When comparing
genetic diversity among the ﬁve different peanut programs in
this study, it was found that HAAS-CN has a higher level of
genetic variation than theother groups, among the lines tested
with an average genetic distance of 0.5341 and 62.57% of the
lines with a genetic distance greater than 0.50, indicating the
relatively broad genetic base in the breeding program. HAAS is
located in central China and provides breeding lines and
cultivars for all market types. Therefore, a high level of genetic
diversity is needed in this program. The peanut lines from
SDPRI-CN represent the peanuts cultivated in northern China,
mostly Virginia type. There were two market types (Virginia
type and Spanish type) in the FAMU-IN program, and the
17 lines in this group were from all over India. Hence India
peanut in this study also showed higher gene diversity and PIC
value. Among the US lines tested in this study, 70% were the
Runner type, and the 16 peanut lines from the ACI-US group
Figure 3. The principal components analysis (PCA) of 111 SSR marker data of the peanut lines from three countries
Dim-1, Dim-2 and Dim-3 refers to the ﬁrst, second and third dimension of principal component, respectively. Dim-1 represents
16.18%, Dim-2 represents 9.10% and Dim-3 represents 6.55% of the variation, respectively. The peanut lines were sorted according
to the serial number from Table 1.
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were mostly advanced breeding lines. Although Runner-type
peanut breeders have been successful at increasing levels of
diversity among cultivars released in the last three decades of
modern plant breeding, because the Runner market type was
derived fromfewer ancestry lines than theVirginiamarket type,
they have a lower genetic diversity than the Virginia market
type (Milla-Lewis et al. 2010a). This may be the reason why US
peanut lines had lower genetic diversity than the other two
countries in this study.
Genetic diversity and population structure
The SSR data were further used to compute the similarity
matrix basedon thealleles betweenpeanut lines fromdifferent
countries. The dendrogram was constructed based on the
genetic data and classiﬁed the 79 peanut lines into two
groups G1 and G2, and group G2 was further divided into ﬁve
subgroups. The majority of peanut lines were clustered
according to their pedigree and origin. For example, almost
all of the peanut lines from the USA (including ACI-US and
CEL-US) were clustered together, and 56% of the US lines were
clustered inG2a and32% lineswere clustered inG2b.Thepeanut
lines from China and India were also clustered closely within
each program, respectively, but the distribution was more
relatively dispersed.
It is commonly recognized that cultivated peanut has
evolved into four market types, Spanish, Virginia, Valencia and
Runner. Among the 79 peanut lines in this study, there were
three market types, Spanish, Virginia and Runner. The results
of clustering revealed some interesting groupings, and the
classiﬁcation has relevance with the market types of the
peanut lines. All the peanut lines in groups G1 were Spanish
types, while in the G2 group all the three different types were
present. Among the ﬁve subgroups, G2a, G2b, G2c, G2d and
G2e from G2, 80% Runner type lines were clustered in G2a,
and Virginia type peanut lines were clustered in G2b, G2c, G2d
and G2e. Except the Spanish lines in G1, the rest of Spanish
type lines were clustered in G2a. Therefore, a clear process of
transition was observed from Spanish type to Runner type,
then to Virginia type (Figure 1B).
Factorial analysis and PCAwere also performed to conﬁrm
the relationships seen in the genetic dendrogram. Factorial
analysis and dendrogram methods are two very different
approaches for the representation of diversity structure,
considered complementary to each other. Dendrogram tree
methods tend to represent individual relations faithfully and
may be less accurate for the overall structure. But factorial
analysis can give an overall representation of diversity (Perrier
et al. 2006). In our study, although factorial analysis did not
Figure 4. Population structure using STRUCTURE, a model-based clustering method to cluster these peanut lines based on the
111 SSR markers at K¼ 2 and K¼ 5
The peanut lines were sorted according to the serial number from Table 1.
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separate the 79 peanut lines into distinct groups, it revealed
three groups representing their pedigree and origin. Peanut
lines from the same country were clustered closer with few
admixtures. Using NTSYSpc, the PCA revealed six distinct
groups, which were consistent with the dendrogram analysis
for most of the lines.
STRUCTURE analysis has been used widely for different
crops to identify the presence of subpopulations in core
collections (Hasan et al. 2008; Zhao et al. 2009; Anderson et al.
2009; Wang et al. 2011; Jiang et al. 2014). In this study, we also
identiﬁed the population structure using STRUCTURE, a
model-based clustering method, which uses a Bayesian
algorithm. STRUCTURE analysis was run using K from 1 to
10 and Kwas found to be 2. STRUCTURE analysis can estimate
the number of subpopulations, the degree of admixture
among subpopulations, and the genetic relatedness among
peanut lines. On the other hand, dendrogram analysis can
graphically display relationships between peanut lines (Wang
et al. 2011). STRUCTURE analysis assigned the 79 peanut lines
into ﬁve subpopulations (P1, P2a, P2b, P2c and P2e) when
K¼ 5, and neighbor-joint tree analysis clustered these peanut
into six subgroups (G1, G2a, G2b, G2c, G2d and G2e). In general,
subpopulations identiﬁed by STRUCTURE corresponded to a
genetic cluster on the dendrogram (P1/G1, P2a/G2a, P2b/G2b,
and P2e/G2e). Although the number of peanut lines in the
corresponding subgroups and subpopulation was not exactly
the same, most of the peanut lines were classiﬁed into the
corresponding subpopulation and subgroup with only a few
exceptions.
In summary, the 111 SSR markers constructed were useful
in determining the genetic relationships and diversity of
79 peanut breeding lines. The dendrogram, PCA clustering,
and STRUCTURE analysis divided the 79 genotypes into
distinct groups and generated similar results. Assessment of
genetic diversity is important for characterization and
conservation of germplasm, recognition of good germplasm
resources and the collection of better cultivars for hybrid-
ization purposes. The results derived from analysis of genetic
diversity could be used for designing effective breeding
programs to broaden the genetic base of commercial
cultivars. The molecular diversity observed in this study
provides useful information for the representing breeding
programs to aid selection of diverse parents for establishment
of breeding populations that could be used for peanut
improvement. A narrow genetic base has been reported in
peanut cultivars (Stalker et al. 1994; Subramanian et al. 2000),
and peanut breeders have been successful in increasing levels
of diversity among cultivars released in the last three decades
of modern plant breeding (Milla-Lewis et al. 2010). The results
in this study showed the genetic variation in peanut is not
undesirably lower, and a wider range of germplasm including
wild diploid species and exotic materials should be incorpo-
rated to broaden the genetic resource and improve peanut
varieties in the future breeding programs.
MATERIALS AND METHODS
Plant material
A total of 79peanut breeding lineswereprovidedby colleagues
and collaborators (Table 1). Thirty were from China, 17 from
India, and 32 from the USA and represent ﬁve peanut breeding
programs including Shandong Peanut Research Institute
(SDPRI) and Henan Academy of Agricultural Science (HAAS)
from China, Florida Agricultural & Mechanical University
(FAMU) in collaborating with Indian scientists, Commercial
elite lines (CEL) from US released cultivars and AgResearch
consultants Inc (ACI) from the US. All of the peanut lines
were planted in the greenhouse.
DNA extraction
Several unopened young leaves of 2–3-week-old plants from
each peanut line were sampled and put in liquid nitrogen
immediately for DNA isolation. Total genomic DNA was
extracted using the protocol of hexadecyl trimentyl ammo-
nium bromide (CTAB) method as described by Grattapaglia
and Sederoff (1994). The quality of the DNAwas checked on 1%
agarose gel and the DNA concentrations were estimated with
the NanoDrop-1000 spectrophotometer (Nano Drop Tech-
nologies, Wilmington, DE, USA). DNA concentration was
normalized to 20 ng/mL for use in polymerase chain reaction
(PCR).
Genotyping with SSR markers
A set of 111 SSR markers were selected that were previously
developed from the initial screening by Li et al. (2011) with 16
peanut lines with over 5,000 genic and genomic SSRs by Qin
et al. (2012) and additional BAC-end sequence derived SSR
markers byWang et al. (2012). The location of the SSRmarkers
on the peanut genetic map (Shirasawa et al. 2013; Khera
et al. 2014; Wang et al. 2014) was taken into account when
the markers were selected. These 111 SSR markers were
distributed on to the 18 linkage groups (LGs) of Shirasawa’s
map (Shirasawa et al. 2013), Khera’s map (Khera et al. 2014)
and 20 LGs ofWang’smap (Wang et al. 2014) (Table S1 and S2).
PCR ampliﬁcation for all markers was carried out using DNA
Engine Tetrad 2 Peltier Thermal Cycler (BioRad Laboratories,
Hercules, CA, USA) and Eppendorf Mastercycler Pro (Eppen-
dorf North America, Hauppauge, NY, USA). PCR was
performed in a reaction volume of 15mL, the reaction
mixtures contained 0.5mM of each SSR forward and reverse
primer, 25 ng genomic DNA, 10PCR buffer, 1.5mM MgCl2,
0.2mM dNTPs and 0.5U Taq polymerase (Thermo Scientiﬁc).
The PCR temperature proﬁle was 95 °C for 4min for initial
denaturation, followed by 35 cycles of 94 °C for 45 s, 50–55 °C
for 45 s and 72 °C for 1min, and 72 °C for 7min for a ﬁnal
extension step. The PCR products were separated in 6% non-
denaturing polyacrylamide gel electrophoresis (PAGE) at 140
voltages for 2 h in 0.5TBE using DYCZ-30B gel rigs (Beijing,
China) (Fountain et al. 2011). The amplicons were visualized by
silver staining (Qin et al. 2012).
Analysis of data
For each marker, the polymorphic bands at the expected base
pair size were treated as a unique characteristic and scored as
‘1’ or ‘0’ based on whether the band is present or absent for
the same ampliﬁed fragments, respectively. Data needed to
be changed to different formats according to the require-
ments of the analytic software. Major allele frequency (MAF),
number of alleles per locus, gene diversity and polymorphism
information content (PIC) were analyzed using allelic data
with PowerMarker version 3.25 software (Liu andMuse 2005).
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Using DARwin 6.0.5 software (Perrier and Jacquemoud-Collet
2006), the genetic distance (GD) matrix was generated for all
peanut breeding lines. A dendrogram was created based on
genetic distance matrix by using hierarchical clustering.
Factorial analysis was also performed by using distance
matrix based on DARwin software. The principal component
analysis (PCA) was used to identify eigenvectors, amounts of
variance, and cumulatively explained variances per compo-
nent. The PCA was performed using the Dice coefﬁcient of
similarity and the functions DCENTER, EIGEN and MXPLOT in
NTSYSpc version 2.20 (Rohlf 2008).
The genetic structure analysis was performed using the
model-based clustering method implemented in STRUCTURE
software version 2.3.1 (Pritchard et al. 2000) using a burn-in
period of 10,000 and 100,000 Markov Chain Monte Carlo
(MCMC) replications for all samples. The model with
admixture was chosen and using the correlated allele
frequency option. To determine the best K (the number of
subpopulations), the L (K) procedure was used by performing
a batch job form K¼ 1–10, with 10 iterations for all peanut
lines. The program Structure Harvester was used to calculate
DK (Earl and vonHoldt 2012).
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